. Determination of the overall migration from silicone baking moulds into simulants and food using 1H-NMR techniques. Food Additives and Contaminants, 2009, 26 (03) cakes only slightly decreased in going from the 1 st to 10 th experiment with a significant dependence on fat content. Migration never exceeded a level of 21 mg kg -1 (3 mg dm -2 ) and thus migration was therefore well below the overall migration limit of 60 mg kg -1 (10 mg dm -2 ). However, migration behaviour into simulants differed completely from these results.
Abstract
Different silicone baking moulds (37 samples) were characterized with respect to potential migrating substances using 1 H-NMR, RP-HPLC-UV/ELSD and GC techniques. In all cases cyclic organosiloxane oligomers with the formula [Si(CH 3 ) 2 -O] n were identified (n = 6…50).
Additionally, linear, partly hydroxyl-terminated organosiloxanes HO-[Si(CH 3 ) 2 -O] n -H (n = 7…20) were found in 13 samples. No other substances than siloxanes could be detected, meaning the migrants mainly consist of organopolysiloxanes. Based on this knowledge, a 1 H-NMR quantification method for siloxanes was established for the analysis of both simulants and foodstuffs. Validation of the 1 H-NMR method gave a suitable performance characteristics: limit of detection 8.7 mg kg -1 oil, coefficient of variation 7.8 % (at a level of 1.0 mg kg -1 food). Migration studies were carried out with simulants (olive oil, isooctane, ethanol (95 %), Tenax) as well as preparation of different cakes. Siloxane migration into cakes only slightly decreased in going from the 1 st to 10 th experiment with a significant dependence on fat content. Migration never exceeded a level of 21 mg kg -1 (3 mg dm -2 ) and thus migration was therefore well below the overall migration limit of 60 mg kg -1 (10 mg dm There are only few publications describing the migration behaviour of silicone elastomers in contact with foodstuffs or food simulants. High overall migration from silicone elastomers was reported for foodstuffs containing free available fat (Forrest and Sidwell 2005, RAPEX 2007 ). As to be expected, no notable migration into aqueous or acidic simulants was described so far. Meuwly et al. (2005) investigated the overall migration from different silicone baking moulds into modified polyphenylene oxide (Tenax) and obtained values well above the overall migration limit of 10 mg/dm 2 , for the 1 st as well as for the 3 rd migration experiment. Increasing temperatures caused higher migration values, the highest amount reported being 50.5 mg dm -2 . Characterisation of the migrate was carried out using GC-MS and MALDI-TOF and showed cyclic and linear polydimethylsiloxanes up to a molecular weight of 1500 Da as the only components.
Until 2001 silicone elastomers were covered by the Plastics Directive 90/128/EC and had to conform to the overall migration limit of 60 mg kg -1 (10 mg dm -2 ). With Commission 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y food. Therefore, a validated and generally accepted method for the determination of the overall migration from silicone elastomers into foodstuffs is needed.
Some analytical techniques allow the determination of siloxanes in foodstuffs. Atomic spectroscopic methods (AAS/AES, ICP-MS, ICP-OES) are most widely used (Čavić-Vlasak et al. 1996 , Mccamey et al. 1986 , Peters et al. 1995 , Kennan et al. 1999 , Dorn and Skelly 1994 , Biggs et al. 1987 . These methods are very specific for silicon but they do not allow one to distinguish between organic and inorganic bound silicon. It is impossible to determine only the content of polydimethylsiloxanes (PDMS) as an extent of migration from silicone elastomers. Several methods based on AAS and ICP-AES techniques for PDMS determination in food after extraction with chloroform or other solvents have been described, with a recoveries from 90-95% and precision of the determination between 1 and 6% (Čavić-Vlasak et al. 1996 , Mojsiewicz-Pieńkowska et al. 2003 ). The main drawbacks are possible interferences with inorganic bound silicon and the potential loss of siloxanes with low molecular mass before atomization. A useful, but quite expensive alternative might be the use of HPLC-ICP-AES. This technique would offer the possibility to separate organic and inorganic bound silicon first by liquid chromatography before quantification with ICP-AES.
Infrared spectroscopic methods are specific for organosiloxanes but are little sensitive and need massive sample enrichment. Direct analyses in the lower mg kg -1 range are not feasible (Čavić-Vlasak et al. 1996) . The crux is to separate the siloxanes from the big excess of fat in the food extracts which has an almost similar polarity. The main difficulty of chromatographic methods is the lack of analytical references for cyclic siloxanes in the mid and high molecular range which are essential for a reliable quantification.
For all this reasons, we decided to use 1 H-NMR techniques for quantification. MojsiewiczPieńkowska et al. (2003) described a method to quantify linear polydimethylsiloxanes (food additive E 900) in edible oils after saponification and extraction with tetra chloromethane.
The limit of reliable detection was 3 mg l -1 which is well below the expected range for migrating siloxanes from silicone moulds. 
Materials and methods

Silicone moulds
The characterized silicone moulds were from various manufacturers and were all bought on the German market. More detailed investigations concerning the relation between different simulants as well as food preparation experiments were carried out with a commercial 12 cups muffin silicone mould (volume: 95.8 cm³, contact area: 0.86 dm², thickness: 1.0 mm, Pt catalyzed cross-linked) bought on the German market, too. Single cups were cut from this sample and used for the migration tests.
All samples were first washed with warm water (45-50°C) and washing-up liquid, as recommended by the manufacturers.
Chemicals
Olive oil was purchased from Fluka Germany, Tenax ® (modified polyphenylene oxide, MPPO) from Alltech Germany. Any other chemicals were obtained from Sigma-Aldrich Germany at analytical grade or higher. All food ingredients, used for the baking studies, were of commercial quality.
Silicone samples
In total 37 different silicone moulds were examined: 2 muffin pans with 15 cups, 4 muffin pans with 12 cups, 7 muffin pans with 6 cups, 7 bundform pans ('Gugelhupf'), 5 loaf pans, 3 round cake pans, 2 mini cake moulds for 12 pieces "Madeleine" and 7 motive moulds (Disney characters, Christmas tree, teddy bear). The thickness of all moulds was in the range of 1-2 
Migration into olive oil
The tests were carried out as described in 
Migration into isooctane and 95% ethanol
The tests were carried out as a threefold determination as described in part 14 of the European Standard EN 1186:2002 with the following modifications: To determine the overall migration into isooctane, the samples were cut into stripes of 3 cm x 5 cm, put into 180 ml of the preheated solvent and then placed in a pre-heated oven at 60°C. For migration tests with ethanol/water 95/5 (v/v), the intact samples were filled to the brim with the pre-heated solvent (90 ml, 60°C). In both cases, only the inside surface area of the moulds was assumed as contact area, although during the isooctane migration the whole surface (inside and outside area) of the moulds was in contact with the simulant. Isooctane leads to an extensive, but even swelling of the complete silicone moulds, also during one-side contact. So it has to be supposed that substances may be able to migrate from the outer to the inner side of the baking moulds, resulting in nearly the same results as to be expected for a two-sided migration. A similar effect is well known e.g. for plasticizers in thin PVC-films (Kim 2003). Again, time measurement was already started when the samples were put into the oven, although the examination temperature of 60°C was regained later. An exposure time of 50 min for isooctane and 75 min for 95% ethanol was chosen, respectively. The used solvent was refilled to a defined volume (100 or 200 ml) and divided into two portions. About 2/3 of the solvent were used to determine the overall migration by the gravimetric standard method. The 
Migration into Tenax® (MPPO)
The tests were carried out as described in part 13 of the European Standard EN 1186:2002.
For a threefold determination three flat pieces, each with an area of about 15 cm², were cut from the bottom of the baking moulds. The samples were put into a Petri dish and covered with 0.6 g Tenax® (4 g Tenax®/1 dm²). The Petri dish was closed and then put into the preheated oven at 175°C. As a blank sample, Tenax® was filled into a Petri dish without sample material. 
Qualitative analyses of the migration residue (overall migration into isooctane)
For liquid Quantification experiments were performed on a Hewlett-Packard 5890 GC with flame ionization detector (FID), again using a HP-5MS capillary column (30 m, 0.25 mm). Injection was splitless using a split/splitless injection system at 280°C. High temperature GC was done at an injection temperature of 330°C, expanding the oven program to 430°C and using a high temperature GC column of adequate polarity (Phenomenex ZB-5HT Inferno, 30 m, 0.25 mm, Phenomenex, Torrance, CA). Increasing the injector temperature up to 350°C resulted in a high septum bleeding but unimproved peak shape or response. 
Elemental analysis
Elemental analysis was performed using a EuroVector EA 3000 (HEKAtech, Wegberg, Germany).
Migration into foodstuffs
The baking studies were performed with two different kinds of creamed cake.
Creamed cake, 21 % total fat (Das Backbuch, 1967) The dough contained 125 g sunflower oil, 100 g egg (homogenized), 125 g sugar, 250 g wheat flour, 8 g baking powder and 50 g water.
Creamed cake, 30 % total fat (Backen und Genießen 1999)
The dough consisted of 200 g sunflower oil, 200 g egg (homogenized), 150 g sugar, 200 g wheat flour and 8 g baking powder.
Baking procedure
The samples were filled to the brim with dough and then put into the pre-heated oven at 175°C. After a suitable baking time (25 min for muffins, 40 min for creamed cake in a loaf pan, 45 min for creamed cake in a round cake pan), the samples were removed from the oven.
The cakes were removed from the moulds and each one was put into a beaker.
For the blank samples, the dough was filled into a Teflon coated metal baking mould.
Soxhlet extraction
The cakes were homogenized and an equivalent (approx. 12 g of the cake) was mixed with sodium sulphate (Na 2 SO 4 ) (approx. 15 g) thoroughly in a mortar.
The dry powder was transferred quantitatively into a Soxhlet cartridge and extracted for 4 h with 150 ml diethyl ether in a Soxhlet extractor to isolate the fat matrix, including the siloxanes. At the end of the extraction, the diethyl ether was removed from the roundbottomed flask by distillation. Before and after extraction, the flask was dried repeatedly for 1h at 103°C until constant weight was reached. The weight of the lipid extract was determined accurate to 0.1 mg.
Sodium sulphate had to be annealed for 3 h at 550 °C in a muffle furnace prior to use to remove siloxane impurities lasting from manufacturing. Soxhlet cartridges and filter papers used to clean the mortar and pestle were extracted thoroughly in a Soxhlet extractor with diethyl ether prior to use. was used to ascertain the position of resonance bands.
NMR measurement
Calculation of the siloxane content
The extracted fat mainly consists of triglycerides. They serve as internal standard for quantification. They form a distinct double doublet (dd) resonance signal in a range of δ = 
Determination of the recovery rate of cyclic siloxanes in muffins
A baking study with a creamed cake (21 % fat) was carried out using siloxane spiked sunflower oil. As there were only low molecular, volatile cyclic siloxane compounds commercially available, spiking of the sunflower oil was done indirectly. Exactly, the sunflower oil was used to perform an overall migration experiment with a silicone baking mould for 25 min (see "migration into olive oil"). After this, the siloxane amount in the sunflower oil was determined by 1 H-NMR measurement (see "NMR measurement"). The sunflower oil containing the determined amount of siloxanes was then used as ingredient for a creamed cake (21 % fat). The baking study was performed as described in "migration into foodstuffs", using a Teflon® coated metal baking mould. The siloxane content was determined again by NMR in the dried fat extract.
Results and discussion
Characterization of the migration residue
Thirty-seven different baking moulds were characterized with respect to potential migrating substances. Ethanol (95%) or isooctane extracts were all analysed using RP-HPLC with UV and light scattering detection; most of the extracts were analysed by GC-MS and GC-FID, In all cases cyclic organosiloxane oligomers with the formula [-Si(CH 3 ) 2 -O-] n have been identified (n = 6…50). Additionally, linear organosiloxanes (n = 7…20) have been detected in the extracts of 13 moulds in a lower concentration (Fig. 3) . This is in accordance with the Further experiments performed with a high temperature GC column, an injection temperature of 360°C and a final oven temperature of 410°C resulted in a recovery rate for silicone oil TMS-11 of 93 % but of only up to 56 % for the ethanolic migration residue of the tested baking moulds. This can be attributed to the high molecular weight of most of the migrating cyclic siloxanes compared to TMS-11 and it limits the applicability of even high temperature GC for determination of the overall migration from silicone food contact materials.
The isooctane extract of one typical muffin mould was more detailed characterized using 1 H-NMR and elemental analysis beside HPLC and GC. The 1 H-NMR spectrum shows a analysis it seems very unlikely that this part is made of organic compounds. We suppose inorganic filling materials, e.g. pyrogenic silicic acid or chemically modified (methylated) silica gel, which are often used for silicone elastomers (BfR 2007).
Since more than 90 % of the migration residue consist of polysiloxanes, the amount of these determined by NMR can be a good approach for the determination of the overall migration. -2 ). This is much higher than the sum of the estimated bias and the intra-day reproducibility. The limit of detection (quantification) was calculated based on the signal to noise ratio of 3 (9) at 8.7 (26.1) mg kg -1 fat or 1.9 (5.7) mg kg -1 cake. Because of the enrichment of siloxanes during the fat extraction step of the food, this relatively high detection limit is suitable to determine even low levels of siloxane contamination in food and is more than sufficient to prove the overall migration limit in fatty foodstuffs according to
Resolution AP (2004) 5.
The recovery was determined as described in the materials and methods part. In an experiment performed in triplicate, a recovery rate of (101.3 ± 6.7) % was reached for extraction of the oil and quantification of the siloxanes by 1 H-NMR. All validation parameters obtained are summarized in Furthermore, the method allows one to examine overall migration from silicone moulds into real foodstuffs as well as into olive oil or its substitutes. The importance is that this approach now gives the possibility of checking compliance of silicone moulds with national law or the standards described in the Resolution AP (2004) 5 as well as enabling an exposure assessment for cyclic siloxanes in prepared foodstuffs to be carried out aiding in toxicological assessment.
Siloxane migration into simulants and muffins
The overall migration into olive oil and its substitutes isooctane, ethanol (95%) and Tenax® were determined gravimetrically according to the rules set out in the migration directives The migration values were compared to the contamination of muffins baked in the same mould. The amounts of siloxanes detected in the muffins using 1 H-NMR are given in table IV.
As expected, we found much lower migration (about 10 mg kg -1 cake) compared to olive oil, due to the less lipophilic character and the texture of the muffin.
"[Insert Table IV 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As a first conclusion, a single instead the 3 rd experiment, as claimed by law for the evaluation of plastics, could be sufficient to estimate the migration from silicone materials in muffins or cakes. Migration into cake does not differ strongly for moulds of various size making the use of small moulds as favourable as that of larger ones from the consumers point of view.
In addition, we proved the influence of the fat content in the dough using recipes with 21 % and 30 % fat. In both cases, again the results showed no significant difference between the 1 st and 3 rd migration for each fat content but gave a significantly higher migration for the muffins high in fat (figure 8). These results confirm the expected dependence of migration from the lipophilic character of the foodstuff and are therefore in good accordance with the literature (Forrest and Sidwell 2005) . Muffins or plain cakes with much more than 30 % fat are hardly to imagine, meaning it is unlikely that the overall migration limit will be exceeded when using silicone moulds for making a cake. Even without effective compliance control in the past, It has to be outlined that there is hardly any obvious correlation between the migration data for simulants, even when data are corrected by the reduction factor which has to be applied for cake, and the amount of siloxanes found in cake, neither for the mid nor for the high fat cake. The migration kinetics as well as the amount of migrating substances differ strongly due to the less lipophilic character and the texture of the cake. In conclusion, since the requirements of article 3 of Regulation (EC) No 1935/2004 refer to food and not to simulants and there is to date no adequate testing procedure warranting comparable results between food and simulants it is mandatory to prove compliance only with food. 
Conclusion
The method presented here is the first fully validated method to investigate the overall migration of silicone baking moulds into olive oil, substitutes and foodstuffs and therefore provides an essential tool to check the legal compliance of silicone moulds already placed on the market. No other suitable and validated method has so far been published.
Investigating the migration properties of silicone elastomers using gravimetric and 1 H-NMR analysis resulted in very different data depending on the food, simulant or substitute used.
Based on our data, it has to be concluded that the migration test with olive oil, as required by
Council Directive 82/711/EEC, does not give a realistic scenario of the migration into cake, even when the official reduction factor is used. This concerns the amount of migration as well as variations from 1 st to 3 rd migration test. There are also big differences between the migration data for olive oil and its substitutes ethanol (95%), isooctane and Tenax® according to Directive 82/711/EEC. Neither the liquid solvents nor Tenax® give similar results to olive oil as easily to expect but presupposed by the migration directives.
Consequently, the olive oil test may act only as a convention in the sense of an inertness parameter for the investigated material. It seems more appropriate to search for a simpler and better reproducible test method for silicone elastomer materials. Based on our results we suggest the much easier and more precise extraction procedure with ethanol (95%) and to focus on the 1 st extract only (with a therefore new defined limit for the total extractives in ethanol). This follows the same consideration as German BfR recommendation XV (BfR 2005) in which limits for both volatile and extractable substances have been defined, but not a migration limit. The discussed 1 H-NMR-method is suitable for examining the legal compliance of silicone articles in food contact as well as for a reliable exposure assessment of consumers. Preparing cake in a silicone mould usually will not result in exceeding the overall migration limit of 60 mg kg -1 or in a relevant contamination of the foodstuff from the toxicological point of view.
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